Introduction
Rapid release of enzyme substrates or other biochemical effectors by flash photolysis of biologically inert but photosensitive precursors has become an established technique in the past decade.' The 2-nitrobenzyl moiety has been widely used as a photosensitive protecting group but its photolysis byproduct, 2-nitrosobenzaldehyde, is highly reactive2 and damaging to biological preparations? so compounds substituted at the a-carbon atom such as 1 -(2-nitrophenyl)ethyl derivatives have been f a~o r e d .~ The rate of release of the biologically active compound is a crucial aspect of the photochemistry as it relates to biological applications of these compounds and this process is generally controlled by dark reactions following the initial photochemical excitation and relaxation to a ground state. Aspects of these dark reactions, shown in Scheme 1, have been studied by several inve~tigatorsI~~-~ and the P3-( l-(Znitrophe- pp 243-305.
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0002-7863/95/1517-10311$09.00/0 ny1)ethyl) ester of ATP, la, termed "caged ATP" has been of particular interest. The rates of release of ATP or other biological substrates are generally deduced indirectly and are frequently inferred solely from the decay rate (rate constant k in Scheme 1) of acinitro anion intermediates such as 2, which absorb in the near-UV.8,9 Although the decay of the aci-nitro anion 2 has been shown7 to be the rate-determining step for release of ATP, this need not necessarily be true for all caged compounds and the ability directly to monitor product release would be a valuable adjunct to the chemistry and biological application of these reagents. In contrast to the electronic spectra used to monitor aci-nitro decay rates, vibrational spectra are sensitive to localized molecular properties such as bond strengths, bond angles, and dipoles and can thus be used to follow photochemical transformations of a molecule in detail, Time-resolved IR spectroscopy, used in conjunction with flash photolysis, will in principle permit precise monitaring of the chemical bond being cleaved or of the new group formed, i.e. the terminal phosphate group in the case of ATP. Various kinetic techniques for the infrared spectroscopic range have been developed for both Fourier transform infrared (FTIR) and dispersive spectrometers.'Osll Of the three FTIR methods, both the stroboscopicI2 and step scan13 techniques require systems in which the process under study can be triggered in repetitive cycles. The rapid scan method, which at best has ca. 10 ms time resolution, is readily applicable to the investigation of the irreversible process of caged compound photolysis.
Time-resolved IR spectroscopy has been used previously in conjunction with flash photolysis to study reaction kinetics and structures of transient intermediates. Early work was concentrated on photolysis of metal carbonyls, where the intense carbonyl absorption provided a readily monitored signal.I4 Recent papers have described studies on more complex molecules, including detection of a dehydroazepine intermediate from photolysis of phenyl azideI5 and of an ynol from photodecarbonylation of phenylhydroxycyclopropenone,16 kinetic studies on photogenerated and kinetic and product identification studies of the photolysis of 2-pyrone. l9 In the majority of these examples, very high time resolution ( I 1 ps) was attained but spectra could anly be generated by sequential monitoring at a series of individual frequencies. The dark reactions which follow the photochemical events in caged compounds generally take place on the millisecond time scale which is well suited to FTIR spectroscopy. Non-time-resolved FTIR spectroscopy has previously been used to show features of the difference spectra between caged ATP and ATP. For example, appearance of a band at 1686 cm-' due to the carbonyl bond of the byproduct (2-nitrosoacetophenone) was recorded.Ie In a biological study of the mechanism of the Ca2+-transporting ATPase, in which enzymic activity was initiated by photolysis of caged ATP, the resulting difference spectra showed alterations in the nitro and P-0 modes*O as anticipated from the overall reaction in Scheme 1. Schneider formation of the initial nitronic acid that subsequently, in polar solvents, ionized to an aci-nitro anion. However, the method is less sensitive than IR spectroscopy and gives less information about changes in the entire molecule than the FTIR method.
In the present study, the development of the flash photolysis technique coupled to time-resolved IR spectroscopy has centered on caged ATP, which provides a good paradigm to establish this approach since the kinetics of ATP formation upon flash photolysis have been determined by a variety of other but less direct method^.^ Those studies provided strong evidence that the aci-nitro anion intermediate 2 (Scheme 1) was rapidly formed and that its decay occurred concomitant with ATP formation. Characterization of the IR spectrum of the aci-nitro anion intermediate 2 is therefore an important aspect of the present work. Single or triple I8O substitution of caged ATP as in isotopomers l b and IC provides a means to identify the IR bands associated with formation of the enol phosphate moiety of this intermediate, and of its subsequent decay with release of ATP. The experimental protocol involved two stages: Timeresolved FTIR difference spectra were fist recorded in aqueous solution at pH 8.5 and 1 OC, where the aci-nitro intermediate is relatively l~ng-lived.~ Positive and negative bands in these spectra were assigned to vibrational modes in caged ATP, the aci-nitro intermediate, and ATP. These assignments complement and extend the previous infrared study of ATP by Takeuchi et a1.*' Specific frequencies were then selected at which to follow the time course of the reaction under near-physiological conditions (pH 7.0 and 22 "C) with a dispersive IR spectrometer.
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FTIR Measurements. The photoinduced transition from
caged ATP to ATP, in common with other 2-nitrobenzyl c o m p o~n d s ,~~,~,~,~ involves formation of a nitronic acid which rapidly ionizes to the aci-nitro anion 2 with release of a proton, followed by cleavage of the C-0 bond that links the 1-(2-nitropheny1)ethyl moiety to the y-phosphate of ATP. At pH 8.5, 200 mM ionic strength, and 1 "C, the decay of the acinitro anion occurs at a rate of 1 s-l (estimated from the known activation energy and dependence on ionic strength).22 FTIR spectra recorded in the first 60 ms after the photolysis flash represent the transition from caged ATP to the aci-nitro anion 2 with <5% decay of the latter (as calculated from the rate constant above), whereas spectra accumulated from 2.7 to 22.5 s represent > 99% of the transition from caged ATP to the final products, i.e. ATP and the byproduct(s). Data collection was not extended beyond 22.5 s to minimize the influence on the spectra of possible slow reactions involving byproduct(s). For both transitions a difference spectrum was calculated, using the spectrum of caged ATP recorded prior to photolysis as the reference. Negative and positive bands in a difference spectrum arise from several sources. For example, disappearance or formation of a molecular feature in the course of the reaction leads to a negative band at the absorption frequency of the disappearing group and to a positive band for the newly formed group. Similar features are observed if the reaction results in a change of the extinction coefficient of a vibrational mode. A minimum (maximum) in the difference spectrum then indicates a reduced (increased) absorption of the reaction product as compared to the initial compound. Alternatively, a group may experience a shift in absorption frequency, leading to a pair of signals composed of a negative and a positive band. The negative band is characteristic for the absorption of the initial compound and the positive for the reaction product. Photochemical Release of ATP j?om "Caged ATP" J. Am. Chem. Soc., Vol. 117, No. 41, 1995 10313 windows of the IR cell. The H20 solvent does not absorb in the spectral range shown.
Figure l a shows difference spectra recorded in the first 60 ms after the photolysis flash for aci-nitro anion intermediate formation (i.e. absorption of aci-nitro anion minus absorption of caged ATP) from the caged ATP isotopomers la-c. The spectra are dominated by medium to strong positive bands which arise from the aci-nitro intermediate. The negative signals at 1527 and 1347 cm-I have been assigned previously20b to the expected23 antisymmetric and symmetric stretching modes of the nitro group which disappears from caged ATP upon the rapid formation (> lo5 s-l)' of the aci-nitro anion. Perturbations of the P-0 modes are expected in the aci-nitro intermediate, which is an enol phosphate, at frequencies below 1270 cm-' and sharp difference signals are observed in this region. The l 8 0 3 labeling in compound IC leads to significant changes from the I6O-difference spectrum, the most pronounced effect being the shift of the whole band profile below 1070 cm-I to lower wavenumbers. This shift is also observed upon single isotope labeling (compound lb).
Figure l b shows difference spectra of the isotopomers la-c for the overall transition from caged to free ATP (Le. absorption of free ATP and byproduct(s) minus absorption of caged ATP). Apart from negative bands at 1525 and 1344 cm-' as in Figure  la , the difference spectra are rather featureless in the range 1550-1280 cm-I. By contrast several strong bands appear in the range 1280-900 cm-I that are significantly different in both frequency and amplitude on photolysis of the [1803] compound IC compared to la, but differ much less on photolysis of lb. Figure IC combines for [160] compound l a the difference spectra associated with the formation first of the aci-nitro anion and subsequently of free ATP, and provides a basis for selecting individual frequencies at which to monitor the ATP release kinetics. Notably, several bands specific to the aci-nitro intermediate (at 1465, 1379, 1330, 1245 , and 1179 cm-I) are absent from the final spectrum of the end products, while new bands below 1300 cm-' are generated upon release of free ATP. Assignments of relevant spectral bands are given in the Discussion section. These spectra show that the absorption changes at 1251 and 1119 cm-I are relatively large in the transformations both of caged ATP to the aci-nitro anion 2 and of the anion to ATP and byproduct(s). Overall, as discussed in more detail below, the signal at 1251 cm-' is associated with modification of the P02-vibration system and that at 11 19 cm-I with formation of the Y -P O~~-group.
Single Wavelength IR Kinetics. The single wavelength recordings shown in Figure 2 were obtained at pH 7 and 22 "C. In each case a rapid process (>lo5 s-l) is observed consistent with aci-nitro anion formation, followed by the ATP release step. The rates determined from fits to the kinetic traces, Wavenumber / cm-l The difference spectra for caged ATP photolysis are shown in Figure 1 for the frequency range 900-1550 cm-'. The highfrequency cutoff arises because proton release during the photolytic reaction causes a large change in the buffer absorption between 1550 and 1700 cm-I, which obscures other signals. The low-frequency cutoff arises from absorption by the CaF2
Discussion
The determination of the rate constant for ATP release from the data in Figure 2 depends on correct structural assignment of the bands at which the kinetics were measured and for this the use of oxygen isotopomers was essential. In addition, it is important to relate the IR spectral changes to the various species involved, i.e. caged ATP, the aci-nitro anion intermediate, free ATP, and byproduct(s). Since the present paper is focused on measurement of the ATP release rate, the following discussion is principally confiied to consideration of the phosphate modes, although other processes will also be occumng in the solution, e.g. formation of the byproduct (2-nitrosoacetophenone) and subsequent reactions thereof.
Transition of Caged ATP to the aci-Nitro Intermediate. For the spectra of the photolysis intermediate (Figure la) three distinct spectral regions can be distinguished. The range 1550-1300 cm-' is unaffected by isotopic substitution and therefore includes no vibrations which involve the y-phosphate group. The region 1300-1050 cm-' shows several changes in band positions and intensities upon triple isotopic labeling but only slight differences for the ['801]isotopomer lb. Therefore this region must predominantly involve the nonbridging oxygen atoms of the y-phosphate group. An exception occurs with the shoulder on the high-wavenumber side of the band at 1245 cm-I, which is reduced upon single isotopic labeling and further modified in the triple-labeled isotopomer. In the region 1020-900 cm-' the band profiles of isotopomers l b and IC are shifted to the same extent with respect to the unlabeled species. Therefore the bridging oxygen atom, but not the nonbridging atoms, is involved in the corresponding vibrational modes. These are discussed in greater detail below.
The vibrational modes of the phosphate groups of caged ATP and the aci-nitro anion intermediate consist, by analogy to those of ATP in its trianionic form,21 of the antisymmetric (vas) and symmetric (v,) P02-stretching vibrations at 1260-1200 and 1140-1050 cm-', respectively, and the P-0-P modes below 1025 cm-I. In addition, a C-0-P mode would be expected for the bond between the y-phosphate and the caging group.
The strongest band of the antisymmetric PO2-modes in the absorption spectrum of caged ATP (data not shown) is centered at 1248 cm-', with a shoulder near 1225 cm-I. In the difference spectra of formation of the intermediate (Figure la ) a complicated band profile is observed in this region, comprising for unlabeled caged ATP a main positive band at 1245 cm-I, a positive shoulder at 1260 cm-I, and a negative band at 1219 cm-'. The position of the band at 1245 cm-' is almost unaffected by isotopic substitution in the y-phosphate so vibrations of this group do not contribute significantly to the band. Equivalent spectra from photolysis of other caged phosphates (not shown) also have a band at 1245 cm-I that seems likely not to arise from P02-vibrations but has a small contribution from the bridging oxygen. Further isotopic labeling will be required to provide a definitive assignment. The spectral region adjacent to this positive band is clearly affected by isotopic labeling. The negative band at 1219 cm-I, which is found for unlabeled and single-labeled caged ATP l a and lb, is not present for the triple-labeled compound IC. Therefore this negative band can be assigned to a vas P02-vibration of caged ATP to which the y-phosphate group contributes. For the triple-labeled compound the negative band appears to be shifted by -40 cm-' to -1180 cm-', where it reduces the intensity of a positive band. While the assignment of this negative band is straightforward, that for the adjacent positive shoulder at 1260 cm-' is less obvious. The shoulder is slightly reduced in intensity but barely shifted in frequency for the [180~]-isotopomer l b and no clearly resolved band remains near this wavenumber in the triple-labeled isotopomer IC. The residual asymmetry on the high-wavenumber side of the main band at 1245 cm-' in the spectrum of isotopomer IC seems likely to arise from minor perturbations of the a-and P-phosphate modes.
While the nonbridging and bridging oxygens of the y-phosphate are involved in vibrations which give rise to the 1260-cm-l band, the available data do not allow us to make a conclusive group-specific assignment.
The vs P02-vibrations of caged ATP absorb in the region 1140-1050 cm-I, with bands in the absorption spectrum (not shown) at 1131, 1100, 1076, and 1059 cm-I. In the difference spectrum the negative band at 1059 cm-' can be assigned to a Y , P02-vibration with a strong contribution of the y-phosphate since it shifts to 1039 cm-' upon triple isotopic labeling but is barely altered by single labeling. Strong positive bands at 1123 and 1092 cm-' and the negative band at 1076 cm-' are assigned to vS P02-vibrations which are however less localized on the y-phosphate group, since they are less affected by isotopic labeling. The positions of these bands correspond closely to the values of 1123, 1096, and 1076 cm-' reported2' for the vs POZ-vibrations of ATP at pH 3, where the terminal phosphate is singly protonated and hence resembles the monoalkylated terminal phosphate of caged ATP. Our results for triple labeling of the y-phosphate parallel those of Takeuchi et al. ,21 who found that the two high-frequency modes are only slightly affected by labeling of the a-or the y-phosphate group, whereas the lowest wavenumber component experiences a large (20-30 cm-I) downshift. The overall picture for the symmetric P02-vibrations is a reduced spectral range of absorption upon formation of the aci-nitro intermediate arising from an upshift of the low-wavenumber components.
Finally, in the region below 1020 cm-l the whole band profile is shifted -10 cm-I to lower wavenumbers by both single and triple isotopic labeling. These bands are therefore associated with the C-O-(PO3)3-C backbone modes that are perturbed by formation of the mi-nitro intermediate (Figure la) . The shifts are smaller than expected for a localized C-0 vibration, suggesting coupling of the bridging C-0 mode with the P-0 modes, which are reported2' for ATP at 990 and 917 cm-I.
This coupling prevents the assignment of a single band to the bridging C-0 bond of caged ATP.
Overall Transition from Caged ATP to Free ATP and Byproducts. Figure lb shows spectra for formation of free ATP from caged ATP. As for the aci-nitro spectra, isotopic substitution has no effect in the spectral range 1550-1300 cm-I. However, it is of some interest to compare the intensities of the negative band at -1527 cm-' in the spectra of the intermediate and final products ( Figure IC) . At this wavelength there is no interference by overlap with other bands and the spectra consistently showed a higher intensity for this negative band in the intermediate than in the final spectrum. This implies that a proportion of the nitro groups which initially disappear through photochemical transformation to the aci-nitro intermediate may be regenerated in the course of its decay to the final products. It seems unlikely that the phenomenon is mediated simply by reversion to caged ATP, since the minimum of the band in the final spectrum is shifted by 2 cm-' from its position in the intermediate spectrum, i.e. the regenerated nitro group does not absorb at the same wavenumber as it does in caged ATP. The possibility of an alternate decay path of the intermediate, which may not generate free ATP, will require further investigation.
In the region below 1300 cm-' several bands can be assigned to phosphate vibrations which are not present in the spectra of the aci-nitro intermediate and are therefore associated with ATP liberation. Photolysis of l a and l b leads to a strong negative band at 1251 cm-' which is reduced and modified in the adjacent spectral region in the spectrum of triple-labeled caged ATP IC. Therefore we assign this band to antisymmetric POzvibrations of caged ATP, which are reorganized in free ATP. The origins of this reorganization are 2-fold. First, the y-POzgroup of caged ATP is replaced by a P032-group in ATP which absorbs at lower wavenumber. Therefore the absorption of the y-PO2-group disappears, leading to a negative band in the difference spectrum in the region of the vas POz-absorption (1260-1200 cm-I). Second, the absorbance of the remaining a-and P-POZ-groups is shifted in free ATP (1234 cm-1)21 as compared to caged ATP (1248 cm-I), leading to a negative band at -1250 cm-' and a positive band at -1230 cm-' in the difference spectrum. These two contributions are best separated in the spectra of isotopomer IC, since the isotopic substitution shifts the absorption of the y-POz-group by 30-40 cm-l,zl preventing overlap with the absorption of the a-and p-PO2-groups. Therefore the disappearance of the triple-labeled y-phosphate group upon free ATP formation is observed as a negative band at 1184 cm-' (vas for y-PO2-in triple-labeled caged ATP IC) and the shift of the a-and P-POz-absorption is revealed by the minimum at 1249 cm-' and maximum at 1220 cm-'. For the isotopomers la and l b the minimum from the antisymmetric vibrational mode of the y-POz-group in caged ATP and the maximum due to the change in the a-and ,!3-phosphate absorption overlap at -1220 cm-' and virtually cancel each other in the difference spectra. This simple explanation in terms of localized PO2-group vibrations does not exclude the possibility of coupled POz-modes.
The antisymmetric modes2' of the newly formed Po32-group lead to a broad structured band around 1120 cm-' (Figure lb) , and this assignment is supported by a downshift of the center of the band by -20 cm-' in compound IC. For the singly labeled compound l b this band shows a smaller shift, since the labeled oxygen becomes only one of three equivalent oxygen atoms in the y-phosphate of ATP. The fine structure of this band is most likely due to the reorganization of the vs POzmodes that absorb in caged ATP as discussed above and in ATP (pH 7.5) at 1116 and 1087 cm-'.zl The nearby negative band at 1060 cm-' (assigned above to a vs P02-mode) appears concomitant with formation of the aci-nitro intermediate and is therefore not connected with free ATP formation. In preliminary workle where we examined only the difference spectra of the pre-and final post-photolysis states using caged ATP la and its triply labeled isotopomer IC, this negative band was wrongly interpreted as being directly associated with a vibrational mode of the bridging C-0-P group. Use of the ['801 ]compound l b in the present work has enabled us to correct this assignment.
The negative bands at 1019 and 938 cm-' (Figure lb ) are assigned to backbone C-0 and P-0 vibrations of caged ATP, since they are shifted upon single isotopic labeling (Figure l b and absorbance spectra, data not shown). However, the band at 938 cm-' also seems to contain a contribution from nonbridging P-0 vibrations, since it is further shifted by the triple isotopic labeling. Two positive bands at 989 and 917 cm-' that appear upon formation of free ATP were assigned by Takeuchi et aL2' to the Pa-O-Pg (989 cm-I) and Pg-0-P, (917 cm-I) vibrations. However, they are affected by isotopic substitution in the ~-P 0 3~-group, which indicates that the vs P032-vibration contributes to these absorbance bands.
The 989 cm-' band shifts to 979-cm-' upon isotopic labeling of the three oxygen atoms of the y-phosphate group ( Figure  lb) . If in addition the bridging Ply oxygen atom is labeled,2' this band is further shifted to 965 cm-I. The same shift of 14 cm-' is observed upon labeling of the bridging a& oxygen atom.z1 We conclude that the ATP absorption at 989 cm-' is due to a coupled vibration involving the vs P032-vibration and Pa-O-P~-O-P, vibrational modes. By similar arguments we assign the 917-cm-' band to a coupled vibration that involves the same groups. Upon single and triple isotopic labeling of the Y -P O~~-group, the band is shifted to 911 and 902 cm-I, respectively (Figure lb) . Additional labeling of the Pg-0-P, oxygen2' shifts this band to 891 cm-I, which is a further shift of 11 cm-' compared to labeling only of the three y-phosphate oxygens. A shift of 16 cm-' is observed upon labeling the ,%phosphate group, including the Pa-O-Pp oxygen.2' Therefore the vS P0s2-vibration and a vibration of the whole P-0-P backbone leads to the absorption of ATP at 917 cm-I.
The analysis given above advances our understanding of the IR absorption bands of the triphosphate modes of ATP and its P3-esters ahd provides valuable information for future IR measurements on biological systems that involve photolysis of caged nucleotides. Single-Wavelength Kinetic Measurements. As the two bands at 1251 and 1119 cm-' have been definitively assigned to specific phosphate vibrations associated with ATP liberation, they were suitable for directly monitoring the kinetics of this process with the dispersive IR spectrometer. At 11 19 cm-' there is an "instantaneous" increase in absorbance upon formation of the aci-nitro intermediate owing to a shift of absorption wavenumber of a vs P02-vibrational mode. Subsequent decay of the intermediate and liberation of ATP leads to an exponential further increase in absorption due to the newly formed Po32-group. At 1251 cm-' the main contribution to the "instantaneous" increase in absorption is most likely due to a nonphosphate vibration. During the subsequent decay of the intermediate, there is an exponential decrease in absorption as this positive band disappears and a negative band develops that is due mainly to a shift in the absorption wavenumber of the a-and P-POZ-groups. The ATP release step has a measured rate constant of 218 f 33 s-' averaged over all data recorded at 1251 and 1119 cm-I. The estimated valuez2 under these conditions of pH and ionic strength is -50 s-I. Two main factors may contribute to the discrepancy between the observed and estimated values. First, possible inaccuracy in the solution pH arising from manipulation of very small volumes of concentrated solutions would affect the rate, which is known to be pH ~ensitive.~ Second, the empirical relationship22 between rate constant and ionic strength may break down at the very high molarity of reagent and buffer used in these experiments. Future instrumental modifications will enable simultaneous monitoring of IR and UV signals, which are anticipated to give identical rate constants from the two measurements. Nevertheless, the principal goals of this study, i.e. to observe IR absorption changes associated with the C-0-P bond-breaking step leading to ATP generation and to show that the rate of ATP release is governed by the decay of the aci-nitro intermediate 2, are unaffected by the numerical discrepancy in the present results.
Conclusion, While the spectral changes in the near-W and visible spectra following flash photolysis of caged ATP follow single-exponential kinetics, a number of other caged compounds show complex time courses. Sometimes the decay of the putative aci-nitro anion is biphasic as in the case of 2-0-(2-nitrobenzyl)gl~cose.*~ With 3,4-dimethoxy-6-nitrobenzyl derivatives the W spectrum of the putative aci-nitro anion is similar to that of the byproduct, making it difficult to be certain of the overall photolysis kinetics from visible absorption ~pectroscopy.~~ For other compounds much slower visible absorption changes occur than have been claimed for release of the biological effector.Ie Biological assays can validate such claimsz6 though the possibility that the aci-nitro anion or other intermediates are biologically active must not be overlooked. For these reasons, besides the intrinsic interest of 2-nitrobenzyl photochemistry, we suggest that the use of time-resolved IR spectroscopy in conjunction with flash photolysis will become an important tool for characterizing the photochemistry of caged compounds.
Experimental Procedures
Materials. Caged ATP l a was prepared by esterification of ATP with 1-(2-nitrophenyl)diazoethane as previously described' and the
